ABSTRACT Biological membranes are organized into dynamic microdomains that serve as sites for signal transduction and membrane trafficking. The formation and expansion of these microdomains are driven by intrinsic properties of membrane lipids and integral as well as membrane-associated proteins. Annexin A2 (AnxA2) is a peripherally associated membrane protein that can support microdomain formation in a Ca 2þ -dependent manner and has been implicated in membrane transport processes. Here, we performed a quantitative analysis of the binding of AnxA2 to solid supported membranes containing the annexin binding lipids phosphatidylinositol-4,5-bisphosphate and phosphatidylserine in different compositions. We show that the binding is of high specificity and affinity with dissociation constants ranging between 22.1 and 32.2 nM. We also analyzed binding parameters of a heterotetrameric complex of AnxA2 with its S100A10 protein ligand and show that this complex has a higher affinity for the same membranes with K d values of 12 to 16.4 nM. Interestingly, binding of the monomeric AnxA2 and the AnxA2-S100A10 complex are characterized by positive cooperativity. This cooperative binding is mediated by the conserved C-terminal annexin core domain of the protein and requires the presence of cholesterol. Together our results reveal for the first time, to our knowledge, that AnxA2 and its derivatives bind cooperatively to membranes containing cholesterol, phosphatidylserine, and/or phosphatidylinositol-4,5-bisphosphate, thus providing a mechanistic model for the lipid clustering activity of AnxA2.
INTRODUCTION
Cellular membranes are a patchwork of lipids and proteins with essential functions not only in compartmentalization and barrier formation but also in inside-out and outside-in signaling. Signaling functions are usually linked to the capability of membrane lipids and embedded proteins to segregate into domains of limited lifetime. This dynamic domain formation can be initiated by different signals and is driven by intrinsic properties of the lipids and/or membrane-resident proteins (1) . Furthermore, membraneassociated proteins can support and also induce membrane lipid segregation due to their capability to bind to specific lipids. Such proteins include certain pleckstrin homology, C2, and BAR domain-containing proteins and also the annexins.
Annexins (from the Greek annex ¼ hold together) comprise a multigene family of proteins whose members are characterized by two principle features (2) (3) (4) . First, the ability to bind Ca 2þ -dependently and reversibly to negatively charged phospholipids, and second, the presence of a conserved structural segment of~70 amino acids that is repeated either four or eight times. These annexin repeats harbor the Ca 2þ -and phospholipid-binding sites and form the conserved C-terminal core domain, which has the molecular structure of a slightly curved, thick disc. The lipid binding occurs via the convex side of the disc, whereas the hypervariable N-terminal domain of annexins is located on the concave side where it is accessible for modification and interaction with cytosolic proteins, e.g., members of the S100 family. As a result of their membrane binding properties, annexins have been linked to a number of membrane-related events including membrane transport and the regulation of membrane-cytoskeleton contacts but also membrane microdomain formation in the course of cell signaling (2) (3) (4) .
An annexin that has been shown to assist membrane domain formation in vitro and in cells is annexin A2 (AnxA2). It can exist in two physical states, as a monomer that is found predominantly in the cytosol and on early endosomes (5) , and as a heterotetrameric complex (A2t) with its protein ligand S100A10 that is present in the subplasmalemmal region (6) . S100A10, a member of the S100 family of small dimeric, EF-hand type Ca 2þ -binding proteins binds to the first 12 N-terminal residues of AnxA2, which form an amphipathic a-helix stabilized by posttranslational acetylation (7) (8) (9) .
In vitro studies using solid supported membranes or giant unilamellar vesicles (GUVs) revealed that AnxA2 and A2t can induce membrane domain formation by segregating the AnxA2-binding lipids phosphatidylserine (PS) and phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ) together with cholesterol into clusters beneath bound protein (10) (11) (12) (13) . This AnxA2-driven aggregation has been proposed to play a role in the stabilization and expansion of membrane microdomains, so-called rafts, in cells (3) . Lipid rafts are considered nanoscale lipid/protein assemblies enriched in cholesterol and sphingolipids (1, 14, 15) . They can grow into larger platforms and function in membrane signaling and trafficking. The driving forces for the liquid-liquid immiscibility and thus the formation of nanoscale domains as well as larger membrane microdomains are of chemical and physical nature and include protein-protein, lipid-protein, and lipid-lipid interactions (1, 16) . Specifically, raft formation can be lipid-driven in membranes composed of lipids found in the exoplasmic leaflet, whereas raft formation in membranes composed of cytoplasmic leaflet lipids most likely requires interactions with peripheral membrane binding proteins (17, 18) . PI(4,5)P 2 is a phospholipid often found in raft-like microdomains of the cytoplasmic leaflet where it can function in signal transduction, for example by recruiting and concentrating signaling complexes (19) .
Although AnxA2-lipid interactions have been described in a number of qualitative studies that include experiments employing liposomes and GUVs, quantitative parameters of these interactions are largely unknown. A quantification was carried out by Ross et al. (20) who analyzed the binding of A2t to a solid-supported monolayer consisting of PS and phosphatidylcholine (PC). This study showed a Ca 2þ -dependent interaction with dissociation constants varying between 43 and 79 nM in the presence of 1 and 0.01 mM Ca 2þ , respectively. Furthermore, although Ca 2þ dependence was highly cooperative under these conditions, A2t binding to the solid supported lipids turned out to be noncooperative (20) . However, in this study the POPC/POPS monolayer was formed on a chemisorbed octane thiol monolayer, thus not fully reflecting a biological bilayer and, furthermore, the monolayer did not contain cholesterol, which represents an important component of lipid rafts. As cooperativity in lipid binding could be of fundamental importance in understanding the mechanistic basis for AnxA2-driven lipid segregation, we fabricated solid-supported lipid bilayers (SLBs) of different lipid composition and quantitatively analyzed the binding characteristics of different AnxA2 derivatives with respect to affinity and cooperativity using the quartz crystal microbalance (QCM) method. Lipid mixtures of different composition were chosen to determine the influence of PI(4,5)P 2 and fatty acid saturation in the PC backbone on the binding parameters of AnxA2, A2t, and an AnxA2 core domain, lacking the first 32 amino acids. The results reveal that AnxA2 and its derivatives bind with high affinity and positive cooperativity to the cholesterol containing bilayers.
MATERIALS AND METHODS

Materials
The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoylsn-glycero-3-phospho-L-serine (sodium salt) (POPS), 1,2-dioleoyl-snglycero-3 [phosphoinositol-4,5-bisphosphate](triammonium salt) (PI(4,5) P 2 ) were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol was obtained from Sigma-Aldrich Life Science (Munich, Germany). Lipids and cholesterol were dissolved in chloroform/methanol (1:1, v/v). Water was purified and deionized using a cartridge system (Sartorius, Goettingen, Germany).
Protein purification
The cDNA encoding human AnxA2 carrying a glutamate for alanine substitution at amino acid 66 for antibody detection was cloned into the pSE420 expression vector (6, 21) . The pSE420-AnxA2A66E core construct lacking nucleotides 1-96 of the protein-coding region (corresponding to amino acids 1-32) was obtained by polymerase chain reaction mutagenesis (13) . Escherichia coli DH5a cells were transformed with the pSE420-AnxA2A66E or pSE420-AnxA2A66ED32 expression plasmids for recombinant protein expression. The human S100A10 cDNA was cloned into the vector pKK223-3 and protein expression performed in E. coli strain BL21(DE3)pLysS (22) . E. coli cells with the respective plasmids were grown in Luria Bertani medium supplemented with ampicillin to an OD 600 of 0.6 at 37 C and expression of recombinant protein was induced by the addition of isopropyl b-D-1-thiogalactopyranoside to a final concentration of 1 mM. Bacteria were harvested after 4 h by centrifugation at 5000 Â g for 10 min at 4 C. Purification of AnxA2A66E, AnxA2-A66ED32, and S100A10 was performed by diethylaminoethyl-and carboxymethyl-cellulose chromatography as described previously (13) . AnxA2 was identified by immunoblotting and subsequent analysis with mouse monoclonal anti-AnxA2 antibodies directed against an N-terminal peptide (6) or the C-terminal core domain (BD Purified Mouse AntiAnnexin II, BD Transduction Laboratories, Franklin Lakes, NJ). S100A10 protein was identified by immunoblotting with mouse monoclonal anti-S100A10 antibodies (23) . Purified proteins were concentrated using an Amicon Ultra-4 Centrifugal Filter Unit (Merck Millipore, Darmstadt, Germany) and dialyzed against HBS (Hepes-buffered saline; 20 mM Hepes, pH 7.4, 150 mM NaCl) plus 2 mM DTT for further experiments. Protein concentration was determined by absorption spectroscopy using an extinction coefficient of e 280 ¼ 0.7 cm 2 mg À1 for AnxA2 and e 280 ¼ 0.26 cm 2 mg À1 for S100A10 (24) .
A2t reconstitution using bacterially expressed and purified human AnxA2 and S100A10 was performed as described previously. This reconstitution involved as a final step a gel filtration chromatography, which separated the complex from noncomplexed AnxA2 and S100A10 subunits and yielded A2t of at least 90% purity (9) . Due to the high stability of the complex (7), A2t was considered as 1 unit in our experiments. The concentration of pure A2t was determined by absorption spectroscopy using an extinction coefficient of e 280 ¼ 0.65 cm 2 mg À1 (24).
Vesicle preparation
Lipid films comprised the following compositions given in molar ratio: POPC/Cholesterol/POPS (60:20:20) , POPC/Cholesterol/POPS/PI(4,5)P 2 (60:20:17:3) , and POPC/DOPC/Cholesterol/POPS/PI(4,5)P 2 (37:20:20: 20:3) . For vesicle preparation the respective lipids were mixed in chloroform/methanol (except for PI(4,5)P 2 that was dissolved in chloroform/methanol/water, 20:9:1, v/v) and then dried at 50 C under a stream of nitrogen. Traces of solvent were removed at 50 C in high vacuum overnight. Vesicles were prepared according to modified protocols (25) (26) (27) . Briefly, lipids were resuspended in 10 mM trisodium-citrate, 150 mM NaCl, pH 4.6 buffer, and small unilamellar vesicles (150 mg/ml, 50 nm) were obtained by extrusion (Avestin Liposofast, Ottawa, Canada). Vesicles were then spread on a SiO 2 surface and lipid bilayers formed by vesicle rupture as described (Drücker et al., unpublished) . Following bilayer formation, the buffer was exchanged to HBS, pH 7.4, containing 250 mM CaCl 2 .
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Data analysis
Calculations and nonlinear regression analysis employed OriginPro v. 8.0 (OriginLab, Northampton, MA).
RESULTS
Protein adsorption analyzed by QCM
To quantitatively analyze the binding of AnxA2 to lipid bilayers formed on a solid support we employed the QCM technique. Therefore, small unilamellar vesicles were first adsorbed on hydrophilic SiO 2 -coated sensors until a bilayer had formed (25) (26) (27) . Residual vesicles were removed by washing in HBS, 250 mM Ca 2þ , pH 7.4, followed by adsorption of the respective protein in a flow chamber setting. At all steps resonance frequency and dissipation of the QCM sensor were monitored as a function of time. Adsorption of protein on the membrane results in a decrease of resonance frequency (DF ¼ F(t) -F 0 ) with the relation between adsorbed mass and resonance frequency of the quartz given by the Sauerbrey equation (Eq. 1) (28):
However, the quantification of adsorbed mass by resonance frequency changes underlies some restrictions. First, the adlayer should be thin and homogeneous, adsorbed without slip and deformation and the viscosity must not change during adsorption. Second, the adsorbed mass should be small in relation to the sensor mass (29) (30) (31) . Third, proteins are covered with a hydration shell in liquid environment and this water may be trapped within the structure of adsorbed proteins or between proteins in the adlayer, resulting in uncertainty regarding exact protein mass determination (30, 31) . Changes in hydration and thus viscosity of the adsorbed mass will lead to energy dissipation from the sensor surface. This is reflected by the dissipation change (DD ¼ D(t) -D 0 ), which can be used as an indicator for viscoelastic properties of the adsorbed mass and can be recorded in parallel during QCM-D measurements (32) (33) (34) . The dissipation can be expressed as follows (Eq. 2):
E dissipated is the energy dissipated from the sensor surface and E stored the energy stored in the system during one oscillation cycle with the resonance frequency f and the decay time constant t 0 . It can be deduced that if a dissipation change occurs during adsorption of proteins in liquid environment, the Sauerbrey equation is likely to be violated and the calculated mass will be overestimated (33, 35) . However, previous studies revealed that such potential error in mass deduction is very small in the setting we have chosen (see also below) (30, 35) . Due to the quantitative release of AnxA2 in the presence of EGTA, we could employ this regime in titration experiments using the same bilayer. Increasing concentrations of AnxA2 were added and resonance frequency shifts were recorded followed by EGTA-induced release and equilibration in loading buffer ( Fig. 1 B) . Even after several protein adsorption/desorption cycles, the resonance frequency, indicative of bilayer mass, and the value of dissipation, indicative of bilayer viscoelastic properties, are restored to the original level upon protein desorption. The same full reversibility of adsorption was observed for the other AnxA2 derivatives used in this study, A2t and AnxA2 core (see below). Thus, we can conclude that the bilayer itself remains stable over the course of the titration experiment.
Quantitative parameters of the AnxA2-membrane interaction
By plotting the equilibrium frequency shift DDF e versus the protein concentration in solution [Anx] , binding isotherms for a given calcium concentration can be derived (20) , provided that the adsorbed protein mass is linear proportional to the equilibrium frequency shift (28, 36) . Binding curves can Biophysical Journal 107(9) 2070-2081 be represented by a Hill expansion of the Langmuir binding isotherm (Eq. 3) (37):
The fraction of occupied sites is represented by Q ¼ DDF e / DDF max and the Hill coefficient n reflects the cooperativity of the adsorption process. If n equals 1, the Hill adsorption model can be reduced to a simple Langmuir isotherm. For n s 1, either positive cooperativity (n > 1) or negative cooperativity (n < 1) has to be considered (38) . K d,Anx is the dissociation constant at half-maximal occupation of the binding sites, also known as the microscopic dissociation constant. The determination of K d,Anx can be considered unaffected by mass overestimation, as long as a linear relation between frequency shifts and mass load is met and a linear dependency of DDD e and DDF e for each equilibrium frequency shift of the binding isotherm is observed (39) (40) (41) . Because this is given in our experiments (see below) we are confident that our calculations are not affected in a significant manner by dissipation changes. Table 1 ). This cooperativity is also evident from the clear sigmoidal shape of the adsorption isotherm ( Fig. 1 C, inset) . To further differentiate between noncooperative Langmuir adsorption and cooperative binding, linearized forms of Eq. 3 were employed. Plotting log [(Q/1-Q)] as a function of log [Anx] produces a straight line with the slope of a linear regression in this Hill plot representing the cooperativity n (Fig. 1 D) (Eq. 4) (38):
The slope is determined at the linear center of the plot because cooperativity of the binding process is likely to be affected at low and high protein decoration of the bilayer (42, 43) . At low protein concentrations, the bound proteins are relatively far apart from each other restricting cooperative interaction. At high protein concentrations the layer is almost fully saturated and the tight physical arrangement of molecules may reduce cooperative binding. Taking this into account a clear distinction from noncooperative binding, represented by a blue line with n ¼ 1 as given in case of Langmuir adsorption, is evident for the adsorption of AnxA2 (Fig. 1 D) . Moreover, when the binding data were represented by a Scatchard plot (DDF e /[Anx] as a function of DDF e ), a pronounced concave shape with a downward parabolic opening is observed (Fig. 1 E) , again indicative of a positive cooperative binding process (44, 45) . In contrast, noncooperative binding would produce a linear continuity (46) . The relation between equilibrium frequency (DDF e ) and dissipation (DDD e ) shifts at different protein concentrations is presented in Fig. 2 . It is biphasic with the majority of data points following a linear relation. As these data points cover the sigmoidal part of the adsorption isotherm (Fig. 1 C) , they are more relevant for the calculation of cooperativity than values obtained at high levels of adsorbed protein. However, even for this part of the relation, a hypothetical calculation, considering an~1.3-fold mass overestimation as found in QCM measurements for human serum albumin (HSA) (35) , would only render dissociation constants to~10% higher values and result in minor variations of cooperativity to slightly more positive values (þ0.3).
In the A2t complex two membrane binding AnxA2 molecules are linked by a S100A10 dimer. The complex is primarily found associated with the inner leaflet of the plasma membrane where it has been implicated in membrane domain organization (47, 48) . As this configuration could affect the cooperativity of the lipid binding process, we next analyzed the adsorption of heterotetrameric A2t to solid supported bilayers using again a QCM setup. Titration curves for the A2t adsorption to the same membrane as investigated previously show a strictly Ca 2þ -dependent and fully reversible binding (Fig. S1 A in the Supporting Material). As for monomeric AnxA2, the saturation isotherm of A2t also shows a sigmoidal shape (Fig. 3 A,  inset) .
Residues 1-12 of the N-terminal domain of AnxA2 form an amphiphilic a-helix. As such helices have been shown to insert into biological membranes (49,50), we next asked whether this domain in AnxA2 contributes to the affinity and/or cooperativity in the membrane adsorption process. Therefore, we generated an AnxA2 mutant lacking the first 32 residues that comprises the entire N-terminal domain. This truncation was chosen as it removes the N-terminal helix and also a putative endosomal membrane binding 
Results from nonlinear regression of Eq. 3. a The cooperativity n corresponds to the Hill parameter in Eq. 3. b The quality of regression indicated by its adjusted coefficient of determination. site located between residues 15 and 24 (51) . Thus, the remaining part of the protein, herein referred to as AnxA2 core D32 or AnxA2 core, solely encompasses the conserved annexin core domain representing the canonical membrane binding module of annexins. AnxA2 core was subjected to the same bilayer binding studies employing QCM and shows the same Ca 2þ -dependent and fully reversible adsorption as A2t and monomeric AnxA2 (Fig. S1 B) . Fig. 4 A shows a typical binding isotherm of the AnxA2 core mutant. Because the AnxA2 core is smaller in size, the frequency shift observed at saturated binding (19.9 5 0.4 Hz) is slightly smaller than in the case of AnxA2. The microscopic dissociation constant calculated from the adsorption isotherm is slightly higher as compared to monomer or heterotetramer, K d,Anx ¼ 33.4 5 2 nM, and the process of binding is again cooperative (n ¼ 1.4).
In a next set of experiments, we determined whether fatty acid saturation of nonprotein-binding PC lipids and/or the PI(4,5)P 2 content in the bilayer lipids contribute to the binding characteristics of AnxA2. These parameters are of interest as fatty acid saturation and chain length of lipid species appear to affect segregation into raft-like microdomains (1, 52, 53) and as PI(4,5)P 2 is a major AnxA2 binding lipid shown to be clustered into microdomains by AnxA2 (13) . Therefore, we also recorded adsorption isotherms of AnxA2 and its derivatives to POPC/Chol/POPS/PI(4,5)P 2 (60:20:17:3) and POPC/Chol/POPS (60:20:20) containing bilayers, both not containing DOPC with two monounsaturated fatty acids. The results are summarized in Table 1 and reveal that all AnxA2 derivatives exhibit cooperative adsorption behavior on membrane systems containing POPS and PI(4,5)P 2 in the presence of 250 mM Ca 2þ , regardless of whether two or one monounsaturated acyl chains are present in the PC lipid of the bilayer backbone. Moreover, the presence or absence of PI(4,5)P 2 does not affect binding parameters or cooperativity of the binding reaction to a significant extent. This indicates that PS as AnxA2 binding lipid is sufficient to establish high affinity and cooperative interactions.
Annexins generally bind negatively charged phospholipids and we next analyzed whether the AnxA2 binding characteristics to our solid supported bilayer were driven by charge effects. At a physiological pH of 7.4, the phosphatidylinositol headgroup of PI(4,5)P 2 carries a negative charge of~4, whereas POPS has a negative charge of~1 (54) . In the presence of bivalent cations, the charge can be further increased (55) . Considering this difference in charge we compared the effect on the adsorption of 200 nM AnxA2 to membranes containing either POPC/Chol/POPS (68:20: 12) or POPC/Chol/PI(4,5)P 2 (77:20:3), thus comparable negative charge. Adsorption to the 12% POPS-containing bilayer led to a frequency shift of 15.1 Hz, whereas this shift was only 9.6 Hz in the case of membranes containing 3% PI(4,5)P 2 . Thus, binding of AnxA2 to solid supported bilayers containing negatively charged phospholipids is not only determined by the net negative charge. Rather, it appears that certain arrangements or configurations of AnxA2 binding sites in the membrane lipids could affect the amount of protein binding at a given concentration. AnxA2 contains several calcium binding sites with different affinities that are involved in Ca 2þ -dependent phospholipid binding (56, 57) . Sites that are in close vicinity may be coordinated by several POPS molecules, whereas the large headgroup and/or higher charge density of PI(4,5)P 2 may occupy several calcium binding sites at the same time, suggesting that membranes of comparable surface charge require more POPS than PI(4,5)P 2 molecules to bind one AnxA2. Moreover, the nature of the AnxA2 binding to PS may differ from the binding to PI(4,5)P 2 . Whereas PS binding is mediated by Ca 2þ ions serving a bridging function with one coordination site of the Ca 2þ ion provided by the phosphoryl moiety of the PS headgroup (58), PI(4,5)P 2 binding is supported by two lysine residues not involved in Ca 2þ coordination (12) .
Cholesterol affects cooperativity of AnxA2 membrane binding
Our results reveal that binding of AnxA2 to solid supported bilayers containing the negatively charged phospholipids POPS and PI(4,5)P 2 as well as cholesterol in a PC backbone is characterized by positive cooperativity. On the other hand, Ross et al. (2003) reported previously a noncooperative Langmuir binding of AnxA2 to a solid supported membrane consisting of POPC/POPS at 4:1 molar ratio in the presence of 1 mM Ca 2þ . To resolve this apparent difference we first performed AnxA2-bilayer binding experiments at 1 mM instead of 250 mM Ca 2þ using our QCM setup and a bilayer composition of POPC/DOPC/Chol/ POPS/PI(4,5)P 2 (37:20:20:20:3) . Again, a cooperative binging (n ¼ 2.2 5 0.2) was observed, indicating that elevated Ca 2þ levels have no effect on the cooperativity of the binding reaction (Fig. S2) .
Next, we analyzed a potential effect of cholesterol by mimicking the conditions of Ross et al. (2003) using bilayers that consisted of POPC/POPS (4:1). The AnxA2 binding isotherm to such bilayers shows a typical Langmuir adsorption without indication of a sigmoidal shape (Fig. 5  A) . We obtained a K d,Anx ¼ 42.2 5 7 nM, a maximal adsorption of 25.2 5 1.65 Hz, and a cooperativity of n ¼ 0.9 5 0.1 (R 2 ¼ 0.981). Furthermore, the Hill linearization shows a slope of nearly 1, again supporting a noncooperative binding, and the lack of cooperativity is also evident in the Scatchard plot (Fig. 5 C) .
Thus, membrane cholesterol appears to be a major determinant for a cooperative adsorption of AnxA2 to negatively 
DISCUSSION
AnxA2 is a Ca 2þ and lipid binding protein involved in the organization of membrane domains in cells. This activity is of physiological importance as it allows cells to assemble membrane domains in a regulated manner that can subsequently serve as signaling platforms or hubs for membrane budding and fusion events. AnxA2 most likely functions in microdomain formation by binding negatively charged phospholipids, e.g., PI(4,5)P 2 and POPS, and clustering them together with other components such as cholesterol into larger assemblies (11) (12) (13) . Our study provides a quantitative description of the AnxA2-bilayer interaction and the analysis of biophysical/biochemical parameters that underlie the lipid clustering activity. It contains four major findings. 1), It shows that the interaction of AnxA2 and its derivatives A2t and AnxA2 core with solid supported bilayers containing PI(4,5)P 2 , PS and cholesterol is strictly Ca 2þ -dependent and fully reversible. 2), It shows that binding to these bilayers occurs with considerable affinity that is highest for the A2t complex. 3), It reveals a positive cooperativity of the interaction enabling a tight regulation of AnxA2-mediated lipid clustering. 4), It shows that cholesterol plays an important role in enabling a cooperative interaction.
Our studies employed QCM measurements of the adsorption of AnxA2 and its derivatives to SLBs containing different lipid mixtures. In this regime protein adsorption alters the resonance frequency of the quartz microcrystal but also the relative dissipation in the immobilized layer due to a change in viscoelastic properties. This could result in an error in calculations based on the frequency shifts; in particular, when the dissipation changes are large and when the relationship between frequency and dissipation changes is nonlinear. However, both scenarios are not observed in our binding studies and thus we are confident that our calculations based on frequency shifts are accurate. This is also supported by studies of Höök and co-workers (30, 35) These relative stiffness parameters indicate that our proteins adsorb in a more rigid state as compared to HSA and Hb used in the studies of Höök et al. (35, 59) . Thus, the risk of mass overestimation due to dissipation shifts is most likely smaller than a factor 1.3 or 1.5. Therefore, we are confident that a potential minor mass overestimation in the determination of our adsorption isotherm only has a minor impact on the dissociation constants and cooperativity calculated. This conclusion is further supported by the following considerations: First, HSA (67 kDa) and Hb (64.6 kDa) have been adsorbed unspecifically to hydrophobic surfaces, whereas AnxA2 and its derivatives bind specifically and reversibly to membrane bilayers. Second, even A2t as the largest of our derivatives adsorbs to membranes in a layer of 2.6 5 0.4 nm thickness (11) . This height is much smaller than the acoustic shear wave extinction depth in aqueous protein solutions (~250 nm at 5 MHz) and most likely within the range, in which the Sauerbrey relation may be applied for viscoelastic layers with only minor uncertainty (30) .
Interestingly, our data show that the relative stiffness of A2t is smaller than that of AnxA2. This suggests that the heterotetrameric complex is in general more rigid per unit of adsorbed mass than monomeric AnxA2. Furthermore, we observe that the relative value of maximum adsorption of A2t is not significantly larger than that obtained for AnxA2 and smaller than the ratio of masses between AnxA2 and A2t would predict (Table 1) . Together this indicates that A2t binds in a conformation with both AnxA2 subunits facing the membrane. Such conformation reflects the thermodynamically more stable state and is also in line with previous atomic force microscopy observations (10, 11) . Furthermore, the rigid nature of bound A2t suggests that the S100A10 dimer bridge between two membranebound AnxA2 subunits is most likely arranged in a stiff conformation and/or significantly reduces the incorporation of water in the protein adlayer.
AnxA2 has been implicated in the formation and stabilization of membrane microdomains that are rich in PI(4,5)P 2 and cholesterol. Such domains are linked to the actin cytoskeleton and found on the plasma membrane (60,61). Therefore, our studies employed lipid mixtures mimicking to some extent the inner leaflet plasma membrane lipid composition. Using these lipid bilayers we obtained dissociation constants for membrane binding of AnxA2 and its derivatives that are in the nM range and in good agreement with those determined for other peripherally associated membrane proteins such as ezrin and annexin A1 (36, 62) . Interestingly, these affinities are higher than those of dynamin and the phospholipase C-d pleckstrin homology domain, which exhibit K d values for PI(4,5)P 2 binding in the low mM range (63) (64) (65) . Thus, it appears that AnxA2 can efficiently compete with such proteins for PI(4,5)P 2 binding once resting Ca 2þ levels are elevated. However, to quantitatively compare binding parameters of PI(4,5)P 2 interacting proteins in a more physiological context, bilayers showing an asymmetric lipid composition that is seen in cellular membranes should also be employed in future studies. This should be feasible as the generation of such asymmetric bilayers has been reported recently (66) (67) (68) .
A2t exhibits a higher affinity for the probed membranes than monomeric AnxA2 or the AnxA2 core domain. This is in line with the observations that S100A10-mediated formation of the A2t complex increases the affinity and reduces the Ca 2þ sensitivity of AnxA2 for PS liposome binding and aggregation (69) (70) (71) (72) . The higher affinity can be explained Biophysical Journal 107(9) 2070-2081 by the presence of two membrane binding modules (annexin cores) in A2t that most likely bind simultaneously to the solid supported membrane.
Raft-like microdomains contain a higher degree of saturated lipids compared to nonraft membrane areas (1) . Our data show that the cooperative and high affinity binding of AnxA2 and its derivatives is not affected to a significant extent by the incorporation of two as compared to one monounsaturated acyl chain in the backbone lipid matrix. Further considerations, directly comparing the saturation of lipids being responsible for AnxA2 binding, such as PS or PI(4,5)P 2 , should provide additional insight, as for instance HIV-Gag can sense alkyl chain environment (73) . Thus, so far our data indicate that the affinity and cooperativity of AnxA2-lipid interactions are primarily determined by the negative charge of the lipid headgroup, in line with the lipid specificities reported previously for AnxA2 (2, 47, 56, 74) . However, as we could not distinguish between the effect on cooperativity of AnxA2 binding to either PI(4,5)P 2 or PS lipids, we postulate that the negative charge is responsible for lipid binding but specific protein-lipid headgroup interactions (12) then lead to sequestration of PI(4,5)P 2 into domains.
One important result of our study is the finding that the membrane binding of AnxA2 fulfills all criteria of positive cooperativity. As cooperativity implies that the first protein species bound favors the binding of additional proteins it supports a dynamic lipid clustering by the protein.
Cooperativity of the binding reaction can be affected by structural arrangements in the lipid bilayer. One important feature could be a prearrangement of lipid species into domains that in turn could affect AnxA2 binding. Such preformed domains, in particular a cholesterol-dependent clustering of PI(4,5)P 2 , have indeed been observed in model membranes containing 20 mol % porcine brain PI(4,5)P 2 (75) (76) (77) . However, our bilayer composition containing 3% PI(4,5)P 2 with two unsaturated acyl chains showed no tendency of forming micrometer-sized lipid domains, at least when analyzed in GUVs using labeled PI(4,5)P 2 (13) . On the other hand, we cannot exclude the possible preassembly of cholesterol/PI(4,5)P 2 microdomains that are below the level of resolution in our microscopic analysis and could affect AnxA2 binding and the AnxA2-driven formation of larger domains. This possibility could be intriguing in light of the finding that cooperativity of the AnxA2 adsorption requires the presence of cholesterol in the solid supported membrane (Fig. 5) . Another important parameter that could affect the affinity and cooperativity of AnxA2 binding is membrane curvature. Using GUVs we could show before that binding of AnxA2 can induce negative curvature and eventually the budding of vesicles into the GUV lumen (13) . In the case of solid supported bilayers such curvature effects are minimal because of the flat, rigid surface of the support. Thus, it is possible that biological membranes that allow curvature changes to occur support an even more significant AnxA2 binding and possibly more pronounced cooperativity effects.
Cooperativity has important implications for the regulation of AnxA2 binding and lipid clustering as relatively small changes in protein concentration can effectively shift dispersed AnxA2-binding lipids such as PI(4,5)P 2 and PS into clustered domains associated with the bound protein.
Interestingly, cooperativity of the binding process is cholesterol dependent and it can clearly be attributed to the AnxA2 core domain. As this domain is relatively similar in all annexins it appears likely that other annexins share this mode of membrane association. In line with this assumption, Janko et al. (78) 
CONCLUSION
Using solid-supported bilayers of different composition, we quantitatively evaluated the interaction of AnxA2 and its derivatives with PI(4,5)P 2 and cholesterol containing model membranes. We show that all proteins bind to the membranes with high affinity and in a Ca 2þ -dependent manner. The binding process is characterized by positive cooperativity that is mediated by the conserved annexin core portion of the molecules and depends on the presence of cholesterol in the membrane. This cooperative interaction provides a mechanistic basis for the lipid segregation activity displayed by AnxA2. 
